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. A more detailed analysis of neutron time-of-flight signals showed that a significant fraction of neutron yields was produced both by the 2 H(d,n) 3 He reaction and by other neutron-producing reactions. Neutron energies together with delayed neutron and gamma emission showed that MeV deuterons escaped from a laser-produced plasma and interacted %50 ns later with a borosilicate blast-shield glass. In order to increase DD neutron yields and to characterize deuteron beams via nuclear reactions, a secondary deuterated polyethylene target was used in a pitcher-catcher scheme at the target front side. In this experimental arrangement, the neutron yield reached (2.0 6 0.5) Â 10 9 with the peak neutron fluence of (2.5 6 0.5) Â 10 8 n/sr. From the neutron yield, it was calculated that the secondary target was bombarded by 2 Â 10 14 deuterons in the 0.5-2.0 MeV energy range. The neutron yield of 2 Â 10 9 at the laser energy of 600 J implied the production efficiency of 3 Â 10 6 n/J. A very important result is that the efficient neutron production was achieved with the low contrast, sub-nanosecond laser pulse of the intensity of 10 16 W/cm 2 . The latter parameters can be achieved in a rep-rate mode more easily than ultra-high intensities and contrasts. 
I. INTRODUCTION
Neutron production during the laser interaction with deuterated targets has been studied intensively in connection with the controlled thermonuclear fusion research. The main idea of the thermonuclear mechanism is to initiate nuclear fusion reactions, and usually to generate fusion neutrons, with ions accelerated by elastic collisions inside hightemperature Maxwellian plasmas. To achieve sufficiently high temperatures, powerful laser systems with a highenergy beam are required. The first attempts to heat plasmas to keV temperatures were carried out shortly after the invention of a visible laser. As far as the first experiments focused on neutron production are concerned, mention should be made of irradiation of planar deuterated targets by the lasers with the beam energy of tens of Joules at the end of the 1960s. [1] [2] [3] [4] [5] The experiments continued with spherical compressions in the early 1970s (e.g., Ref. 6) . From that time on, a significant progress in the inertial confinement fusion (ICF) has been made with both direct-and indirect-drive in the USA, the former Soviet Union, Russia, Japan, and France (cf. Ref. 7 and references therein). Recently, cryogenic DT layered capsules at the 2 MJ NIF facility have produced up to 10 16 DT neutrons accompanied with the DD yields of the order of 10 13 (Ref. 8) . Apart from the thermonuclear mechanism, DD or DT fusion neutrons can be produced by beam-target mechanism. In this case, the interaction of laser pulses with deuterated targets at relativistic intensities accelerates ions to MeV energies by strong electric fields. Then, accelerated ion beams may fuse with target ions. In the late 1990s, a significant number of non-thermal neutrons up to 7 Â 10 7 n/sr were produced with sub-kilojoule chirped-pulse amplification glass laser systems irradiating solid deuterated-polyethylene targets. [9] [10] [11] [12] A further progress in neutron production by lasers was associated with an increasing availability of repetitive tabletop Ti:sapphire lasers. The growing attention to neutron production was given by attractive applications of repetitive portable lasers in radiation material science, radiobiology, nuclear medicine, cargo inspection, or improvised explosive device detection. In order to obtain neutron numbers sufficient for these applications, various targets were tested. There have been many experiments focused on neutron production by intense lasers. In this paper, we restricted ourselves to experiments that are relevant to our work, namely, to irradiation of deuterated targets and to the beamtarget production of neutrons. Besides solid-density deuterated targets 13, 14 and heavy-water droplets, 15, 16 the Coulomb explosion of deuterium [17] [18] [19] or deuterated-methane clusters 20 attracted the greatest interest. In the case of relativistic interaction with thin-foil targets, it has been found that intense ion beams can be accelerated on a target rear side by the target-normal sheath acceleration (TNSA) mechanism. 21, 22 It was natural to employ these ions for more efficient neutron production by using a secondary target, i.e., a so-called pitcher-catcher scheme. 15, 23 Within this scheme, there was a possibility to explore a wider range of initial conditions. For instance, various nuclear reactions were researched with different targets (catchers). [24] [25] [26] Recently, intense lasers with ultrahigh contrasts have enabled efficient deuteron acceleration and high neutron yields through the break-out afterburner (BOA) mechanism. 27 Even more efficient neutron production is expected to be achieved with radiation pressure acceleration (RPA) of ions 28 at intensities above 10 23 W/cm 2 . The neutron yields in the experiments mentioned above are displayed in Fig. 1 . In the case of solid deuterated targets and femtosecond (black squares) or picosecond (red circles) lasers, it seems that the neutron yields for a specific target and laser pulse duration tend to increase with a higher intensity (see Fig. 1(a 49, 50 From this point of view, the laser intensity is not the only parameter influencing the total neutron yield. As shown in Fig. 1(b) , the neutron yield Y n is strongly influenced also by the total energy of a laser beam E laser . A good fit was found for a power-law dependence Y n / E Àð1:160:1Þ laser . Fairly high neutron yields were achieved during the interaction of kilojoule laser pulses at the intensities of 10 16 W/cm 2 . The research of neutron production at 10 16 W/cm 2 intensities is important for several reasons. First, lower intensities are more suitable for rep-rate sub-kJ class laser technology that is now being developed for applications in industry and in research. 51 Second, the intensities of about 10 16 W/cm 2 are relevant to the research of various shock-ignition schemes. 52 Third, at %10 16 W/cm 2 , the acceleration of deuterons at the front side of thick targets is not well understood. Since fusion neutrons are significantly influenced neither by electric nor by magnetic fields, diagnostics of neutrons might provide information about deuterons, and therefore it could provide a deeper insight into the process of deuteron acceleration. Whereas a large number of studies have been recently devoted to neutron production by ultra-intense lasers, the experimental details on beam-target neutron production at 10 16 W/cm 2 intensities and nanosecond or sub-nanosecond pulse durations are rather rare. These were the main reasons why we decided to research DD neutron production at the Prague Asterix Laser System (PALS). 53 The results from the first experiments with thick (CD 2 ) n targets were published in Refs. 48 and 54. In those experiments, the emphasis was put on the correlation of neutron emission with accelerated ion beams. In this paper, a more detailed analysis of neutron time-of-flight (ToF) signals is provided, and the contribution of various nuclear reactions is discussed. On the basis of our findings, the experiment has been optimized with respect to high neutron yields. In Section II, the laser system, an experimental arrangement, and diagnostics used in our experiment are described. Section III provides the most important experimental results with irradiated deuterated polyethylene targets. The emphasis is put on a so-called extended ToF method which helped us to identify the delayed neutron emission and the contribution of non-DD nuclear reactions. On the basis of several independent results, it is shown that MeV deuterons escaped from a laser-produced plasma and interacted %50 ns later with a borosilicate blast-shield glass. Section IV describes the experiments where a secondary target was used to study parameters of the escaping deuterons and to increase neutron yields. Neutron measurements with various pitcher-catcher schemes at the thick-target front side are presented. For the first time, the deuterated catcher was placed on the thicktarget front side in the target-normal direction. This way, the highest neutron yields were achieved. The secondary targets enabled the discussion of the parameters of deuteron beams which is the subject of Section V. Finally, Section VI contains the overall conclusions.
II. EXPERIMENTAL SET-UP AND DIAGNOSTICS

A. Laser system
Neutron-producing experiments were carried out on the PALS at the Institute of Plasma Physics in Prague. 53 
B. Experimental arrangement
The results presented in this paper were achieved in five independent experimental series of total 250 shots with deuterated-polyethylene targets. In most of the shots, the laser pulse was incident on planar targets at an angle of 0 from the target normal. The thickness of targets varied from 200 to 500 lm. The lens with a 593 mm focal length was protected with a borosilicate blast shield plate at 58 cm in front of targets. A schematic diagram of our experimental setup is depicted in Fig. 2 .
C. Diagnostics
The interaction of the PALS laser system with deuterated targets was studied by ion and neutron diagnostics.
Parameters of ion emission were measured with the use of TasTrak CR-39 nuclear track detectors, ion collectors (ICs), 56 silicon-carbide (SiC) time-of-flight detector, 57 and a Thomson parabola spectrometer (TPS) 58 positioned in the far expansion zone, i.e., outside the recombination zone. The ion collector was screened with an Al foil of 6 lm in thickness to suppress generation of a photo-peak in the IC signal induced by extreme ultraviolet (XUV) radiation. The suppression of the photopeak of a 150 ns duration allowed us to detect MeV protons reaching the IC 50 ns after the laser pulse. 57 On the other hand, the 6 lm Al foil absorbed slower ions and, thus, limited the range of energy spectra to energies higher than 500 keV and 600 keV for protons and deuterons, respectively. The SiC detector also exhibited similar characteristics due to its internal structure, namely, 100 lm thickness of the epitaxial layer. 57 The above-mentioned diagnostic tools were not able to distinguish deuterons from several other ion species. More specifically, distinguishing between deuterons and protons was the difficulty connected with CR-39 and ion ToF detectors. In the case of the Thomson parabola spectrometer with a microchannel plate, it was not possible to unambiguously distinguish deuterons from fully ionized carbon and oxygen ions because of the same charge-to-mass ratio. Therefore, in our experiments with deuterated targets, the emphasis was put on neutron diagnostics. Neutron fluence at various distances and directions was measured by the use of calibrated temperature-compensated bubble detectors-personal neutron dosimeters (BD-PNDs) with sensitivity of about 4 b/lSv. 59 Great attention was paid to the absolute calibration of BDPNDs by our AmBe neutron source. A total neutron yield was calculated as an average from the neutron fluences detected by all BD-PNDs. Neutron energies and the time of neutron and high-energy bremsstrahlung (>1 MeV) emission were measured by 5 neutron ToF detectors. These detectors were composed of a NE102a equivalent fast plastic scintillator and a Hamamatsu photomultiplier (PMT) assembly. 60 The length of a plastic scintillator was 5 cm, whereas the effective cross-section was either 16 cm 2 or 350 cm 2 . A temporal resolution of these neutron detectors operating in the current mode was about 5 ns. The neutron ToF detectors were placed in various directions at the distances between 90 and 490 cm from a target.
This set of diagnostic tools enabled us to obtain results, which are described in Sections III-IV. All times that are described in this paper refer to the peak of the laser pulse on a target (t ¼ 0 ns).
III. LASER IRRADIATION OF A THICK (CD 2 ) n TARGET AT NORMAL INCIDENCE A. Neutron yields
The interaction of the PALS laser system with a bulk deuterated polyethylene target produced neutron yields of the order of 10 8 at the laser energy of about 500 J. The neutron yield strongly depended on the focus position and varied from shot to shot. In the case of a target at (0 6 100) lm from the focal spot, the average neutron yield was 10 8 , whereas the peak neutron yield reached (4.1 6 0.8) Â 10 8 at the 650 J laser energy. These neutron numbers were sufficient to detect neutron time-of-flight signals with an acceptable signal-to-noise ratio on our detectors at a distance of up to 5 m.
B. High-energy bremsstrahlung radiation
The measurement of neutron time-of-flight signals was significantly influenced by preceding high-energy bremsstrahlung radiation. To prevent high-energy photons from saturating the photomultipliers, the detectors were shielded by interlocking lead bricks, and neutral density filters were placed between the scintillator and the PMT. an exemplary result recorded in the direction of laser beam propagation. Evidently, the 20 cm thickness of lead in front of the detector was needed to overcome the saturation in the forward direction. As for the radial direction, the 15 cm thickness of lead was sufficient. A negative effect of massive lead shielding is the significant scattering of 2.5 MeV neutrons. In the case of the 20 cm thickness, the instant neutron pulse is broadened to a 10 ns FWHM, and the peak is shifted by 4 ns.
The optimal thickness of the lead shielding was given by the energy and by the number of emitted photons. On the basis of the results with the shielding, we attempted to obtain more information about bremsstrahlung radiation in our experiment. The MCNP code 61 (F6 energy deposition tally) was therefore used to calculate the energy deposited by the incident photon in the scintillator behind lead shielding of various thickness. Fig. 4 shows the dependence of the deposited energy on the photon energy and on the thickness of the shielding in front of the detector.
Since the response of organic scintillators to photoelectrons is linear, the light output of the scintillator is proportional to the total deposited energy. Therefore, the large PMT signal behind 20 cm of lead (see Fig. 3 ) indicates that the laser interaction produced an abundance of photons with the >1.5 MeV energy. In order to obtain more details about bremsstrahlung spectra, we cross-calibrated three detectors with the same shielding. Then, it was possible to apply the Ross-filter method to the 0.2-2.0 MeV region. We observed the PMT signals behind lead shielding of various thickness, namely, of 0.4 cm, 5 cm, and 20 cm. In each shot, the ratios between signals at three cross-calibrated detectors were obtained. In high neutron yield shots, the 5-to-0.5 cm and 20-to-0.5 cm ratios were about 4 Â 10 À2 and 2 Â 10
À5
, respectively. These experimentally observed ratios were compared with the values calculated from the convolution of the energy-dependent deposited energy in Fig. 4 with the bremsstrahlung spectrum in the form of dN ph =dE / expðÀ E kT Þ. A good fit of the experimentally observed ratios was found for the x-ray bremsstrahlung spectral temperature kT % 500 keV.
C. Neutron time-of-flight signals
The neutron-producing experiments at the Prague Asterix Laser System showed that neutron time-of-flight signals strongly depended on the total neutron yield. Therefore, the following experimental data will be presented according to the neutron yield. The data from lower-yield shots are presented first.
Lower neutron yields
An illustrative example of neutron time-of-flight signals detected in the shot with a lower neutron yield can be seen in neutrons are produced at the irradiated target simultaneously with the laser pulse interaction, the arrival time of 2.5 MeV neutrons at the detector at 235 cm is 109 ns. The observed difference between 114 and 109 ns can be explained by neutron scattering on the lead shielding and other experimental hardware (see the result of the MCNP calculation in Fig. 5 ).
The neutron emission seemed to be isotropic. However, detailed analysis could not be made due to a small number of neutrons detected by scintillators with a small detection area. In the case of the scintillator with the effective cross-section of 16 cm 2 , the neutron yield of 10 7 implies that only 200 neutrons can be registered at the distance of 235 cm. Taking into account also the detection efficiency and the signal reduction due to neutron scattering, it follows that the shot noise strongly influenced nToF signals in low-yield shots. As a result, we decided to perform a more detailed neutron timeof-flight analysis by using a distant detector with a larger scintillator. For this purpose, a scintillator with a 350 cm 2 effective cross-section was placed at about 490 cm from the source. The obtained neutron spectrum viewed radially can be seen in Fig. 6 . Neutron spectra similar to that displayed in Fig. 6 were observed also in other directions. Most of the neutrons were produced with the energy between 2.2 and 3.0 MeV. Therefore, on the basis of the kinematics of the DD reaction, 55 it is possible to conclude that the neutron production in lower-yield shots was caused by deuterons with kinetic energies of the order of 100 keV.
Higher neutron yields
Qualitatively different neutron time-of-flight signals were observed in the shots with >10 8 neutrons. Fig. 7 shows typical waveforms recorded by three nToF detectors at about 280 cm from the irradiated target. In all high-yield shots, neutrons were detected first in the backward direction with respect to the incident laser beam (cf. Fig. 7 ). It is a significant result since the fastest neutrons have not been observed in the backward direction in other experiments displayed in Fig. 1 . As shown in Fig. 7 , other characteristic features of higher-yield shots were anisotropic neutron emission and longer ToF signals consisting of several neutron peaks. Unlike lower-yield shots, these peaks cannot be explained by the kinematics of the DD reaction, neutron scattering, and/or by shot-noise only. In order to explain the observed signals, we were interested in other neutron-producing reactions. Due to the composition of our (CD 2 ) n targets, it was natural to seek the contribution of the 12 C(d,n) and 2 H(c,n) reactions. 38, 47, 62, 63 On the one hand, the tail of neutron signals could be formed by less energetic neutrons from the latter endoergic reactions. On the other hand, however, the contribution of these reactions would significantly prevail over the 2 H(d,n) reaction only if a deuteron energy is higher than 2 MeV. At the PALS facility, these deuterons are not numerous and, consequently, deuterated polyethylene targets should produce mainly DD neutrons.
As a result, we were looking for other interpretations of the observed signals. For instance, the long tail of ToF signals could have been caused by delayed neutron emission. From this point of view, it seemed useful to study the duration of neutron emission by placing one radial neutron ToF detector as close to the irradiated target as possible. Initially, we expected that narrow ToF signals would be recorded. Surprisingly, the width of neutron signals at 90 cm was typically 100 ns (FWHM). Results from 8 low-and high-yield shots are displayed in Fig. 8 .
In Fig. 8 , the peak at 45 ns corresponded to 2.5 MeV neutrons produced during or shortly after the laser pulse interaction with a polyethylene target. However, an intense neutron signal was also observed between 60 and 120 ns. The late neutron signal was dominant particularly in highyield shots (see, e.g., shot No. 44491 in Fig. 8 ). The high ratio between the second and the first pulse could not be explained by nuclear reactions of deuterons with carbon ions and/or by neutron scattering. Instead of it, the ToF signals in Fig. 8 suggested a secondary source of neutrons with a delayed emission. Since a majority of energetic deuterons were emitted towards the blast shield protecting the lens, there was a possibility of nuclear reactions induced by fast deuterons hitting the borosilicate glass (see Fig. 2 ). 
D. Neutrons from the deuteron bombardment of the borosilicate blast-shield glass
Neutrons produced in the borosilicate glass can be distinguished by two characteristic features. The first attribute of neutrons originating from the borosilicate glass is a neutron energy spectrum, which differs from that of the 2 H(d,n) 3 He reaction. The second feature is a delay in the production of neutrons. If the neutron production exhibits the delay after the laser pulse interaction with a target, a standard ToF method with one detector is not sufficient to characterize a neutron source. The arrival time of a neutron to a detector is given by the time of neutron production and by a neutron velocity. In order to distinguish neutron production time from a neutron energy spectrum in ToF signals, several neutron ToF detectors should be placed in one direction at different distances (so-called extended time-offlight method 55 ). For this reason, we placed two detectors in the radial direction at both 287 cm and 490 cm from the target. It should be noted that the distance of the detector from the target was approximately the same as the distance from the center of the glass. Typical ToF signals are displayed in Fig. 9 .
The first unambiguous result of the extended ToF method is the energy of the fastest neutrons. The energy of the fastest neutrons can be calculated from the onsets of neutron signals t 1 , t 2 measured at two distances l 1 , l 2 , respectively. The lower bound of the highest velocity is estimated as v n ¼ (l 2 À l 1 )/(t 2 À t 1 ). Calculating with the onsets displayed in Fig. 9 , the highest neutron energy was above 13 6 1 MeV. The maximum kinetic energies of deuterons measured by ion ToF detectors were about 2 MeV; therefore, the >13 MeV neutrons had to be produced by a nuclear reaction with the Q-value higher than 10 MeV. Such exoergic reactions are not numerous. Since the borosilicate blast shield contains boron atoms, one of the most reasonable candidates is the In order to confirm the hypothesis of the borosilicate glass as a neutron source, it is possible to calculate the time when the fastest neutrons were produced. From the onsets in Fig. 9 , we calculate that the production time of the fastest neutrons was t 0 ¼ t 1 À l 1 (t 2 À t 1 )/(l 2 À l 1 ) ¼ 44 6 4 ns after the laser pulse interaction. This production time corresponded to the time-of-flight of 1.8 6 0.3 MeV deuterons from the irradiated target to the borosilicate glass. The deuteron energy of 1.8 MeV is quite reasonable because a similar value was measured by our silicon-carbide ToF detector. This detector recorded the fastest deuterons with the kinetic energy of about 1.5 MeV in this particular shot no. 46567 (cf. the dashed line in Fig. 10(a) ).
The production time and energies of the fastest neutrons are not the only indications of neutrons generated in the borosilicate glass. The delayed production of energetic neutrons in the blast shield could also explain the neutron peaks detected between 60 and 100 ns in Fig. 8 , the multi-peak structure of ToF signals in Fig. 7 , as well as higher neutron fluence observed by the BD-PND detectors close to the blast shield. (We note that a different position of the secondary neutron source was taken into account when evaluating total neutron yields.) Besides these observations, we were searching for more direct signs of the B(d,n) reactions in neutron ToF signals.
As was mentioned above, >13 MeV neutrons could be produced by the 11 B(d,n) 12 C reaction with the Q-value of 13.73 MeV. However, the residual carbon nuclei often remain in excited states (E 1 ¼ 4.44 MeV, E 2 ¼ 7.66 MeV, and E 3 ¼ 9.64 MeV), and therefore several neutron groups are emitted. 64, 65 In particular, the excited levels E 1 and E 3 are significant. One also has to take into account that the borosilicate glass does not contain only a fraction (5%-6%) of 11 B isotopes but also a small (1%-2%) fraction of 10 B isotopes. Neutrons can be therefore produced by the 10 B(d,n) 11 C reaction, which has the Q-value of 6.47 MeV and a high cross-section for >500 keV deuterons. As a result, the borosilicate glass might produce a large number of neutron groups, which are broadened due to a wide energy spectrum of deuterons slowing down inside the glass. At our nToF detectors, these broad neutron groups overlapped due 
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to a long neutron emission from the glass. The long duration of neutron emission was caused by various time-of-flights of deuterons from the irradiated target to the blast shield. Despite all these effects, various neutron groups were recognized in shots with moderate deuteron energies as shown in Fig. 10 . Fig. 10(a) shows the ion TOF signal recalculated for the distance of the borosilicate blast shield. In shot no. 46572, deuteron energies exceeded 1 MeV and the neutronproducing deuterons were striking the blast shield between 50 and 70 ns. The time-of-flight of various neutron groups from the blast shield to the radial detector is displayed in Fig. 10(b) . On the basis of Figs. 10(a) and 10(b), several neutron groups were identified in the neutron ToF signal in Fig.  10(c) . (When evaluating the contribution of various neutron groups, the fact that the spectral response of the detector is increasing with a neutron energy has to be taken into account. Namely, a >10 MeV neutron from the B(d,n) reaction produces higher light outputs than a 2.5 MeV neutron.)
The neutron groups from the B(d,n) reactions were identified most easily in the radial direction. Nevertheless, they were observed also in other directions. In higher-yield shots (e.g., in the shot displayed Fig. 9 ), the fastest neutrons up to 16.0 6 0.5 MeV were observed in the backward direction with respect to the incident laser beam, i.e., in the direction in which deuteron beams stroked the blast shield. The 16 MeV neutrons could be produced by 2.5 MeV deuterons. This result is an important confirmation of >2 MeV deuterons in our experiment, since it is difficult to distinguish the fastest deuterons from protons with our ion ToF detectors and CR-39 nuclear track detectors. An important implication of the occurrence of 2.5-MeV deuterons is a contribution of The last experimental evidence of deuterons striking the borosilicate glass was gamma-ray radiation observed at about 50 ns after the laser pulse interaction. These gammarays were likely produced during the fast transition of the excited 12 C and 11 C isotopes to their ground states. An indication of these gamma rays was recorded at 55 ns in the shot displayed in Fig. 7 . A more illustrative example can be seen in Fig. 11 where three ToF signals are displayed.
IV. NEUTRON PRODUCTION FROM A PITCHER-CATCHER SCHEME AT THE TARGET FRONT SIDE
In Section III, we presented the experimental results which were obtained during the irradiation of a deuterated polyethylene target by the PALS laser. It has been observed that high-yield shots were accompanied by 13 MeV neutrons, the delayed emission of neutrons and gamma-rays, higher fluences of neutrons near the blast-shield glass, and by the neutron groups which are specific for the B(d,n) reactions. These observations could be explained by fast deuterons escaping laser-produced plasmas and interacting %50 ns later with the borosilicate blast-shield glass. Since the concentration of boron atoms in the glass is low and the stopping power of ions is relatively high, it seems natural to use a converter that is more efficient than our borosilicate glass. In order to increase neutron yields and to study parameters of deuteron beams, we decided to use a secondary target in three different pitcher-catcher target schemes. The results from these experiments are described in Sections IV A-IV C.
A. Normal incidence of the laser beam on the primary target
In our first pitcher-catcher target setup, the laser pulse was incident on the primary deuterated target identically to the shots presented above, i.e., at the normal incidence. In order to "catch" deuterons escaping the primary target from the front side, the secondary deuterated polyethylene target of a 300 lm thickness was placed off-axis at an angle of 20 -40 with respect to the target normal (cf. the scheme in Fig. 12(a) ). The 50 cm 2 active area of the secondary target at a 6 cm distance represented a solid angle of about 1.4 sr.
Using this secondary target, the total neutron yields were quite reproducible and varied between 5 Â 10 8 and 6 Â 10 8 per one shot. The exemplary nToF signals are displayed in Fig. 12(b) . As shown in Fig. 12(b) , most of the neutrons were produced by the "catcher." For the interpretation of nTOF signals, the on-axis detector in the direction of the laser beam proved to be very useful. It follows from the kinematics of the DD reaction that the slowest neutrons from the secondary target were produced backward with respect to the deuteron beam, i.e., in the direction of the laser beam. Taking into account also the time-of-flight of ions from the irradiated target to the catcher, neutrons from the primary and secondary targets could be easily distinguished at the on-axis detector N1. At this ToF detector, the peak of DD neutrons with a 1.8-MeV energy was observed. In contrast, the main neutron pulse at the off-axis detector (N5) was formed by %3.8 MeV neutrons. Calculating with these energies, it can be inferred that the main neutron peak was produced by deuterons with the effective energy of about 0.8 MeV.
B. 30 incidence angle of the laser beam on the target
In the case of the normal incidence of the laser beam on the primary target, it was not possible to place the secondary target on-axis, since it would have interfered with the focused laser beam (see Fig. 12(a) ). Therefore, we decided to test another experimental arrangement. In that arrangement, we set the incidence angle of the laser beam on the target surface to 30 . The secondary deuterated target was placed in the target-normal direction at about 14 cm from the irradiated primary target. We used the same secondary target as shown in Fig. 12(a) . The only difference was that the entrance hole for the laser beam was filled with a thick deuterated polyethylene foil. Then, the 60 cm 2 active area of the secondary target represented a solid angle of about 0.4 sr. In the target-normal direction, a large number of accelerated deuterons could be used to increase neutron yields. Indeed, the peak neutron yield in this experimental arrangement reached (2.0 6 0.5) Â 10 9 . The neutron emission was anisotropic with the peak fluence of (2.5 6 0.5) Â 10 8 n/sr in the direction in which deuterons bombarded the secondary target. In a perpendicular direction, the measured fluence was (0.9 6 0.3) Â 10 8 n/sr. A large number of nuclear reactions inside the catcher target were verified by the post-shot gamma spectroscopy. By means of the NaI:Tl scintillation detector, we measured the %10 kBq positron activity of 13 N isotopes produced by the 12 C(d,n) 13 N reactions in the polyethylene catcher.
C. High-energy neutrons from a LiF catcher
A pitcher-catcher target scheme can be used not only to increase neutron yields but also to produce high-energy neutrons. As mentioned above, we identified high-energy neutrons from the B(d,n) reactions in our TOF signals. In order to produce a higher number of more energetic neutrons, it seemed natural to employ the 7 Li(d,n) reaction (Q ¼ 15.03 MeV). For this purpose, we placed a 17 cm 2 slab of a 1 mm thick LiF target at 10 cm from the primary (CD) n target. Experimental results obtained with this catcher were described in a detail in Ref. 66 . At this point, we compare shots with and without the LiF catcher.
In Fig. 13 , the radial nToF signals clearly show that the LiF catcher produced faster neutrons. The peak at 60 ns corresponded to 11 MeV neutrons from the LiF catcher. This neutron group originated from the 7 Li(d,n) 8 Be reaction where the residual nuclei remained in the first excited state with E 1 ¼ 3.03 MeV and DE 1 ¼ 1.51 MeV. Since the residual nuclei of this reaction often remain in excited states and three-body processes, namely, 7 Li(d,n þ a) 4 He, contribute to neutron production, >10 MeV neutrons formed only a quarter of the neutron yield produced by the LiF target. 67, 68 V. DISCUSSION At present, the interaction of ultra-short laser pulses with targets makes it possible to accelerate protons and deuterons to multi-MeV energies. This fact is used to produce fast neutrons by beam-target mechanism. In order to achieve high neutron yields, various neutron-producing reactions have been studied. The DD reaction is used quite often because this reaction has %100 mb cross-section and deuterated targets can be easily obtained and handled. The peak fusion cross-section is reached at a 2-MeV deuteron energy, but the cross-section is significant, i.e., above 25 mb, even for deuterons with a 150-keV energy. To accelerate hydrogen ions to >150 keV energies, the laser intensity of about 10 16 W/cm 2 is sufficient. In Sections III-IV, we presented the experimental results that were achieved at the PALS facility with the peak intensity of 3 Â 10 16 W/cm 2 . As shown in Figs. 5 and 6, the DD neutrons were clearly identified in the ToF signals. However, in the high-yield shots, the neutron spectra indicated that more neutron-producing reactions had to be taken into account.
In Section III, we showed that the properties of the PALS laser beam had also a positive effect on both hot electrons and fast deuterons. As far as hot electrons are concerned, the bremsstrahlung spectral temperature of 500 keV was inferred from the light outputs of the scintillators shielded by various thickness of lead. As for hydrogen ions, the energies up to 2 MeV were inferred from the Thomson parabola spectrometer, ion collectors, and CR-39 nuclear track detectors. On the one hand, the deuteron energy of 2 MeV is below the deuteron breakup threshold. On the other hand, however, 2-MeV deuterons might produce a large number of neutrons via deuteron stripping (d,n) reactions in various low-Z materials inside the experimental chamber. Besides the 12 C(d,n) reactions, the interaction of deuterons with boron atoms was identified in our time-of-flight signals (see Fig. 10 ). The B(d,n) reactions were generated during the bombardment of the borosilicate blast-shield glass by accelerated deuterons. Due to the low concentration of boron atoms in the borosilicate glass, it seemed natural to produce neutrons by a more efficient converter. For this purpose, we placed the secondary target at the primary-target front side in so-called pitcher-catcher scheme. The neutron-producing "catcher" was used to study the properties of accelerated deuterons, to change neutron emission spectra, and to increase neutron yields. These three applications of the catcher are discussed further below.
First, the neutron production from a secondary target provides important information about ions escaping the irradiated target. Ion beams at the PALS facility were diagnosed by several techniques. The advantage of the diagnostics based on nuclear reactions was that it enabled us to distinguish fast deuterons from protons. For instance, it was possible to estimate the number of deuterons interacting with the deuterated polyethylene catcher. On the basis of our ion and neutron measurements, we concluded that most of the neutrons originated from the secondary deuterated polyethylene target. Neutrons were produced mainly by deuterons in the 0.5-2.0 MeV energy range. In the high-yield shots, the mean energy of neutron-producing deuterons was %1 MeV. At the deuteron energy of 1 MeV, the thick-target neutron yield from deuterated polyethylene is 10 À5 (see Fig. 14) . It means that 2 Â 10 14 deuterons were required to produce our peak neutron yield of about 2 Â 10 9 . 2 Â 10 14 deuterons with %1 MeV energy carried the total energy of 30 J. This energy represents 5% conversion efficiency of the 600 J laser beam to fast deuterons.
Second, in order to change neutron spectra, we decided to use the 7 Li(d,n) reaction, and we placed a 1 mm thick LiF target in the path of accelerated deuterons. Even though our LiF target covered a small solid angle of about 0.15 sr and it was not placed in the target normal direction, a significant increase of 10-MeV neutrons was recorded by the ToF signals as shown in Fig. 13 .
Third, to increase the total neutron yield, we used large deuterated polyethylene targets that covered a greater solid angle. In several shots, we turned the irradiated deuterated target by 30 . Then, it was possible to place the "catcher" in the target-normal direction. This way the PALS laser generated 2 Â 10 9 neutrons originating mostly from the DD reaction. According to our best knowledge, it is the highest DD neutron yield produced by a sub-kilojoule laser (see Fig. 1 ). A higher DD neutron yield of 5 Â 10 9 was achieved during the irradiation of a spherical deuterated target with the 12 beam, 12 kJ ISKRA-5 laser system. 33 An even higher number of DD neutrons were produced by the thermonuclear mechanism when a cryogenic deuterium target was heated and compressed by powerful laser systems, such as Omega 71 or NIF. 8 At this point, it seems interesting to calculate the neutron production efficiency in terms of number of neutrons per one joule of laser beam energy. In our experiment, the DD neutron yield of (2.0 6 0.5) Â 10 9 was achieved with the laser beam energy of about 590 J. It means that the neutron production efficiency reached 3.4 Â 10 6 n/J. This value agrees with the energy-dependent DD neutron production efficiency of optimized plasma-based devices (see Fig. 11 in Ref. 72 ). In Ref. 72 , it has been shown that the efficiency is rising with an increasing energy input into plasmas regardless the type of a plasma device. In order to generate neutrons with a high wall-plug efficiency, efficient conversion of stored electrical energy into plasmas is required. From this point of view, a high (10%) conversion efficiency of z-pinches seemed to be very promising. [72] [73] [74] Nevertheless, a similar conversion efficiency can be achieved with newly developed diode-pumped lasers. Therefore, the recent advance in laser technology might enable the construction of versatile laser-based neutron sources that are suitable for many applications in near future.
VI. CONCLUSIONS
The interaction of the 600 J, 300 ps laser pulse with bulk deuterated polyethylene targets was studied at the PALS facility. The long laser-pulse was observed to accelerate not only a large number of protons but also heavier ions such as deuterons. Neutron yields reached (4.1 6 0.8) Â 10 8 at the peak intensity of 3 Â 10 16 W/cm 2 . A more detailed analysis of neutron time-of-flight signals showed that a significant fraction of neutron yields was not produced by the 2 H(d,n) 3 He reaction. It was confirmed that a large number of >500 keV deuterons escaped laserproduced plasmas and interacted with the material inside the experimental chamber. In order to increase neutron yields and to study the parameters of deuteron beams, the secondary deuterated polyethylene target was used in the pitcher-catcher scheme at the target front side. In this experimental arrangement, the neutron yield reached (2.0 6 0.5) Â 10 9 . From the neutron yield, it was calculated that the secondary target was bombarded by 2 Â 10 14 deuterons in the 0.5-2.0 MeV energy range. The total beam energy of 30 J represented 5% conversion efficiency of the 600 J laser beam to fast deuterons.
The neutron yield of 2 Â 10 9 at the laser energy of 600 J implied the production efficiency of 3 Â 10 6 n/J. The high efficiency of fast deuteron and neutron production is important for future applications of lasers. A very important result of our experiments is that the efficient neutron production was achieved with the low contrast (10 À6 ), sub-nanosecond laser pulse of the intensity of 10 16 W/cm 2 . The latter parameters can be achieved in a rep-rate mode more easily and cheaply than 10 20 W/cm 2 intensities and high contrasts. Low contrast, sub-nanosecond pulses usually do not require beam transport in vacuum and sophisticated laser technology including pulse compressors or plasma mirrors. A larger spot size can be achieved with a parabolic mirror or lens being placed far enough from an irradiated target. This way, the influence of target debris can be mitigated.
Finally, one improvement of our experimental setup should be mentioned. In our pitcher-catcher scheme, the relatively large secondary target was placed at about 10 cm from the primary target. On the one hand, it was possible to use the catcher in many shots. On the other hand, the spatial region of neutron production was quite extensive. Therefore, a more compact scheme should be tested. Moreover, if a secondary target is ionized by x-rays, or by the second laser beam, the stopping power of deuterons in a secondary target might be reduced. This would lead to a further increase of FIG. 14. Thick-target yield from (CD 2 ) n target calculated from ENDF and SRIM databases 67,69 using the procedure described in Ref. 70. neutron production efficiency, which could be sufficient for applications of lasers as compact neutron sources. In order to find the optimal conditions for the highest neutron yields, the properties of ion acceleration mechanisms have to be taken into account. Since ion acceleration mechanisms at target front side are not fully understood, 36,75-77 a more detail research of these mechanisms will be the subject of further experiments at the PALS facility. 
